Grass lignins contain substantial amounts of p-coumarate (pCA) that acylate the side-chains of the phenylpropanoid polymer backbone. An acyltransferase, named p-coumaroyl-CoA:monolignol transferase (OsPMT), that could acylate monolignols with pCA in vitro was recently identified from rice. In planta, such monolignol-pCA conjugates become incorporated into lignin via oxidative radical coupling, thereby generating the observed pCA appendages; however p-coumarates also acylate arabinoxylans in grasses. To test the authenticity of PMT as a lignin biosynthetic pathway enzyme, we examined Brachypodium distachyon plants with altered BdPMT gene function. Using newly developed cell wall analytical methods, we determined that the transferase was involved specifically in monolignol acylation. A sodium azide-generated Bdpmt-1 missense mutant had no (<0.5%) residual pCA on lignin, and BdPMT RNAi plants had levels as low as 10% of wild-type, whereas the amounts of pCA acylating arabinosyl units on arabinoxylans in these PMT mutant plants remained unchanged. pCA acylation of lignin from BdPMT-overexpressing plants was found to be more than three-fold higher than that of wild-type, but again the level on arabinosyl units remained unchanged. Taken together, these data are consistent with a defined role for grass PMT genes in encoding BAHD (BEAT, AHCT, HCBT, and DAT) acyltransferases that specifically acylate monolignols with pCA and produce monolignol p-coumarate conjugates that are used for lignification in planta.
INTRODUCTION
Lignocellulosic biomass from grasses could serve as a major feedstock for the generation of liquid biofuels and contribute more than half of the envisioned one billion tons of biomass available in the USA each year (Perlack et al., 2005; Carroll and Somerville, 2009 ; U.S. Department of Energy, 2011) . Lignocellulosic biomass typically refersalcohol), interconnected by b-O-4-aryl ether and other inter-unit bonds, and cross-linked to hemicelluloses by ferulate (Ralph et al., 1995 (Ralph et al., , 2004 Boerjan et al., 2003; Zhang et al., 2009; Lapierre, 2010) .
C3 grasses such as rice, wheat, rye, oat, and bamboo, and C4 grasses such as corn, switchgrass, and sorghum, all have lignin polymers that are partially acylated by p-coumarate 'appendages' and, as more recently shown, by acetate (Ralph, 2010; Ralph and Landucci, 2010; del R ıo et al., 2012) . It is now well established that such lignin acylation results from in planta lignification using pre-acylated monolignols (Ralph et al., 1994; Lu and Ralph, 1999 Hatfield et al., 2009; Ralph, 2010; Withers et al., 2012) ; in the case of p-coumarate, this process is via coniferyl and sinapyl p-coumarate ester conjugates 3 ( Figure 1 ). As the p-coumarate acylates the monolignol c-OH, the resulting lignin is partially c-p-coumaroylated (c.f., 5, Figure 1 ) (Ralph et al., 1994; Ralph, 2010) .
Although the role for these conjugated monolignols remains somewhat a mystery, there is evidence that they are synthesized in the cell and exported to the wall along with the traditional monolignols 1, coniferyl and sinapyl alcohols (along with smaller amounts of p-coumaryl alcohol) where they undergo the radical coupling and cross-coupling reactions, mainly by so-called endwise polymerization in which the monomer radical couples to the growing polymer radical (Ralph, 2010) . It was initially puzzling but is now clear why the p-coumarate moieties, as phenolic entities, remain as free-phenolic pendant units on the polymer and do not themselves undergo radical coupling reactions. Although they readily form radicals, such radicals preferentially undergo radical transfer reactions with phenols that produce more stable phenolic radicals, such as the monolignols themselves and the guaiacyl and syringyl phenolic end-units on the growing polymer, i.e., they undergo radical transfer reactions rather than participating in radical coupling (Takahama et al., 1996; Ralph et al., 2004; Hatfield et al., 2008; Ralph, 2010) . This process has been demonstrated in a model system that involves the typically slow peroxidase-H 2 O 2 -mediated dehydrodimerization of sinapyl alcohol that is significantly sped up in the presence of catalytic levels of a p-coumarate ester (Ralph et al., 2004; Hatfield et al., 2008) . Therefore, the polymerization, whether from the monolignols 1 or from the p-coumaroylated monolignols 3, is solely via the monolignol moiety.
Current preliminary evidence, and more extensive evidence with monolignol acetates, shows that acylation does not greatly affect the coupling propensity of the monolignol moiety, i.e., radical coupling produces the same array of coupling products in approximately the same ratios whether the monolignols are acylated or not (Lu and Ralph, 2008) . The one difference is that, for the product of monolignol b-b-coupling or dehydrodimerization, the postcoupling rearomatization pathways are necessarily different because the c-OH is no longer available for internal trapping of the quinone methide intermediate.
Recently, we identified from rice the putative monolignol transferase gene, OsPMT. Heterologously expressed OsPMT had all the properties anticipated for a p-coumaroyl-CoA:monolignol transferase (PMT) enzyme responsible for p-coumaroylation of monolignols ( Figure 1 ) (Withers et al., 2012) . The enzyme produced, with favorable kinetics, monolignol p-coumarate conjugates 3 from p-coumaroyl-CoA 2 and p-coumaryl, coniferyl, and sinapyl alcohols 1H, 1G, and 1S (Hatfield et al., 2009; Withers et al., 2012) . In this paper, we demonstrate the veracity of the hypothesized in planta action by misregulation of the closest gene homolog in Brachypodium, and furthermore demonstrate its selectivity for p-coumaroylation of monolignols and, thereby lignin, over the arabinoxylans that are also partially p-coumaroylated in grasses.
RESULTS AND DISCUSSION
It has been shown recently that bacterially expressed and purified OsPMT protein could acylate monolignols with p-coumarate (pCA) to produce monolignol-pCA ester conjugates (Withers et al., 2012) . We hypothesized that, in planta, this enzyme is therefore responsible for biosynthesizing the monolignol p-coumarate conjugates that become incorporated into the lignin polymer by oxidative radical coupling reactions (Figure 1 ). To validate the in planta activity of PMT, we employed a reverse genetic approach, using the model grass Brachypodium distachyon (Brachypodium).
To identify the likely Brachypodium PMT gene, the OsPMT (LOC_Os01g18744.1) amino acid sequence was used as a query in a BLASTP search of the Brachypodium proteome (http://www.gramene/org/; http://mips.helmholtz muenchen.de/plant/brachypodium/). The predicted protein Bradi2g36910 was found to have the highest sequence homology to OsPMT, sharing 63% amino acid sequence identity and 75% similarity. Recently published phylogenetic trees that contained both Brachypodium and rice BAHD acyltransferases showed that Bradi2g36910 is the most closely related Brachypodium protein to OsPMT (Bartley et al., 2013; Molinari et al., 2013) .
As the Bradi2g36910 coding sequence was only partially supported by published expressed sequence tag sequences (Vogel et al., 2006) , we generated and sequenced Bradi2g36910 cDNA clones (GenBank accession no. HG421450), from Brachypodium inbred line Bd21-3 stem tissue transcripts, finding the open reading frame (ORF) sequence to be 100% identical to the annotated gene model Bradi2g36910.1.
Quantitative reverse transcription polymerase chain reaction (qRT-PCR) analysis was performed on transcripts that had been isolated from various plant tissues, and revealed that Bradi2g36910 (hereafter referred to as BdPMT) was expressed in all organs tested (spikelet, stem internodes, leaves, and root), with highest expression levels in the spikelet (Figure 2a) . Co-expression analysis using PlaNet (http://aranet.mpimp-golm.mpg.de/index.html), a web-based platform that predicts transcriptomic co-expression networks based on temporal and spatial gene expression data (Mutwil et al., 2011; Harrington et al., 2012) , revealed that BdPMT expression clustered with those of other predicted lignin biosynthetic genes including Phenylalanine Ammonia Lyase (PAL; Bradi3g49250 and Bradi3g49260), Cinnamoyl-CoA Reductase (CCR; Bradi3g36887), and Caffeic acid O-Methyltransferase (COMT; Bradi3g16530) (Table S1 ).
To study how altered BdPMT expression and function affects cell wall composition and structure as well as plant growth, we generated Brachypodium BdPMT RNA interference (RNAi) as well as overexpression (OX) lines. We also identified a Brachypodium BdPMT mutant in a sodium azide-mutagenized population generated by the Institut National de la Recherche Agronomique (INRA; Dalmais et al., 2013) .
For the RNAi approach, two different hairpin constructs were generated, using BdPMT coding sequences that were chosen based on their relatively low homologies to other Brachypodium genes ( Figure S1 ). RNAi construct #1 (BdPMT RNAi #1) consisted of a 301 base pair fragment derived from the 3′ untranslated region (UTR) of the BdPMT coding sequence, whereas BdPMT RNAi #2 consisted of a 258 base pair fragment derived from coding sequence positioned just upstream of the translational termination site (Figure 2b ). These constructs were transformed into embryo-derived callus using Agrobacterium tumefaciens, from which transgenic plants were regenerated on hygromycin selection media. qRT-PCR analysis was performed on transcripts that had been isolated from the stems of T 1 and T 2 generation plants from four independent transgenic lines, revealing average BdPMT transcript level reductions of 53 to 92%, i.e., residual levels of 47% to just 8% (Table S2 ). The Brachypodium Bdpmt-1 mutant was isolated serendipitously during a Targeting Induced Local Lesions in Genomes (TILLING) screen for another gene (Bouvier d'Yvoire et al., 2013; Dalmais et al., 2013) . One of the lines isolated in that screen had cell wall compositional changes that were consistent with those expected for a pmt mutant (described below). Subsequent DNA sequencing of the BdPMT gene in that line (hereafter named Bdpmt-1) revealed a nucleotide base substitution at position 563 of the Bradi2g36910 ORF (guanine replaced by adenine), resulting in codon 188 of the 450-codon ORF changed to encode aspartic acid instead of glycine (G188D). Incidentally, this base substitution disrupts a NarI restriction enzyme site, which allows one to track the mutation with a Cleaved Amplified Polymorphic Sequence (CAPS) marker (Neff et al., 2002) .
The mutated codon in Bdpmt-1 is positioned three codons downstream of that encoding aspartic acid in the highly conserved HXXXD motif, which is considered the catalytic center of BAHD acyltransferases (Figure 2c ) (St-Pierre and De Luca, 2000; D'Auria, 2006) . Altering or deleting the HXXXD motif in BAHD acyltransferases was found to greatly reduce enzyme activities of those proteins (Suzuki et al., 2003; Bayer et al., 2004; D'Auria, 2006) . A scan of the amino acid sequences of 20 known and putative BAHD acyltransferases that fall into five clades based on phylogenetic analysis (D'Auria, 2006) revealed that proteins that belonged to Clade V (to which BdPMT belongs) all have a glycine residue at the position mutated in Bdpmt-1. Proteins in clades I to IV have a serine (S), glycine (G), or threonine (T) at that position (Figure 2c) . The amino acids S, G, and T all have small and uncharged side-chains, whereas the aspartic acid (D) that substitutes for glycine in the Bdpmt-1 mutant protein has a negatively charged and slightly larger side-chain (Betts and Russell, 2003) .
As with BdPMT RNAi plants, Bdpmt-1 mutant plants grew in a similar way to wild-type (WT) and empty vector transgenic control plants grown side by side under our controlled growth chamber conditions, with no obvious morphological differences (Figures 3a, b and S2) .
To determine if cell wall biomass from the aforementioned BdPMT mutants had reduced levels of ester-linked pCA, as was our hypothesis, pulverized senesced stems were solvent-extracted then subjected to mild alkaline hydrolysis. Figure 4 (a) and Table S2 show that Bdpmt-1 mutant plant cell walls had nearly an 80% reduction in the amount of released pCA. Stem cell walls from all four RNAi lines also had reduced amounts of released pCA compared with WT, with the relative levels of reduction coinciding with the relative reductions in BdPMT transcript levels. For example, line 4B stems had the highest levels of reduction in pCA and BdPMT transcripts (51% and 92%, respectively) whereas line 8A stems had the lowest levels of reduction (3 and 53%, respectively). The 3% pCA reduction from line 8A plant cell walls was not significantly different from that of the WT, whereas the 14% pCA reduction from line 1A cell walls was significantly different; line 1A stems had a 58% reduction in BdPMT transcripts. These data suggest that the 53% reduction in BdPMT transcript levels represents the approximate threshold at which significant cell wall compositional changes occur. Analysis of p-coumarate levels is complicated by the fact that, unlike ferulate in Brachypodium mature stems, p-coumarate acylates both cell wall hemicelluloses (more specifically, arabinoxylans) and lignin (Mueller-Harvey et al., 1986) . Although mild alkaline hydrolysis clearly detected reduced amounts of pCA liberated from alkali-treated Bdpmt-1 and BdPMT RNAi cell wall biomass compared with WT ( Figure 4a and Table S2 ), it remained unclear whether that reduction was due to a decrease of the pCA ester levels on lignin and/or on arabinoxylan. To unambiguously parse apart these possibilities, we employed two methods: (1) derivatization followed by reductive cleavage (DFRC; Lu and Ralph, 1997 , 1998c , 1999 , which cleaves b-aryl ether bonds in lignin while leaving ester bonds intact, thereby releasing diagnostic lignin-derived coniferyl and sinapyl dihydro-p-coumarate conjugates 8 ( Figure 5a ); and (2) a newly developed mild acidolysis method that allows for the purification and quantification of pCA-arabinose 10 and FA-arabinose 11 ester moieties originating from arabinoxylans ( Figure 5b ). The DFRC method releases monolignol units and retains their c-acylation by pCA, (conjugates 8 in Figure 5a ), products that are obviously exclusively from lignin. In WT Brachypodium, in which the lignin has an approximately 60:40 S:G ratio, the pCA was found on the syringyl units with no detectable amount of the pCA on guaiacyl units ( Figure S3 ). Biomass stem tissue samples from Bdpmt-1, BdPMT RNAi line 4B and line 7A plants were found to have 0% (<0.5%), 8, and 50% residual lignin pCA levels, respectively ( Figure 4b and Table S3 ). The Bdpmt-1 mutant allele appears to be essentially a null, yielding a negligible amount of lignin-derived pCA. These data strongly suggest that BdPMT is solely responsible for placing pCA on stem lignin in Brachypodium.
Using a mild acidolysis method (Figures 5b and S4 ), we quantified pCA-arabinose 10 and FA-arabinose 11 released from stem tissue biomass; these moieties were derived exclusively from the hemicellulose arabinoxylan. The mild acidolysis method released essentially the same amounts of pCA-arabinose and FA-arabinose from the Bdpmt-1 and BdPMT RNAi line 4B stem cell wall samples as was released from the WT samples ( Figure 4c and Table S3 ). This result (Bartley et al., 2013) . Taken together with the DFRC results, these data unambiguously establish that BdPMT is responsible for the acylation of lignin with pCA in planta and is not involved in the incorporation of pCA into hemicelluloses.
In order to obtain a more detailed picture of the cell wall compositional and structural differences between Bdpmt-1, BdPMT RNAi, and WT plants, whole cell walls of senesced stems were analyzed by gel-state 2D nuclear magnetic resonance (NMR) (Kim and Ralph, 2010) . the latter mobile units on the periphery of polymer chains are over-represented due to their slower spin relaxation than units in the polymer backbone. As with total saponified hydroxycinnamate measurements, these spectra, being from the whole wall material, reflect the total levels of pCA and FA in the wall, i.e., without distinction between those components on lignins versus polysaccharides.
Compared with WT, and consistent with the alkaline treatment analysis results detailed above, the correlation peaks for pCA are clearly reduced in Bdpmt-1 and BdPMT RNAi line 4B, whereas those of FA appear unchanged. In addition, the peaks for syringyl units are relatively lower in line 4B and Bdpmt-1 cell walls compared with the WT, whereas those for guaiacyl units and p-hydroxyphenyl units appear relatively unchanged, denoting a relative decrease in S lignin in line 4B cell walls and a reduced S/G units ratio. This altered S/G units ratio result was corroborated by thioacidolysis data, in which we found Bdpmt-1 as well as BdPMT RNAi plant cell walls had reduced S/G units ratios compared with the WT (Table 1) .
The lignin-bound pCA (and FA moieties, if there were any) are more clearly delineated after enzymatic digestion of the wall polysaccharides using crude polysaccharidases (Chang et al., 1975; Wagner et al., 2007) . The resulting 'milled wood enzyme lignins' (MWELs) are lignin-enriched (retaining essentially the entire lignin component), and are devoid of the hemicellulosic polysaccharides that are also acylated with pCA and FA, i.e., most or all of the hydroxycinnamates remaining are on the lignin component only. NMR spectra of these cellulolytic enzyme lignins (MWELs) compellingly confirm the conclusions made from examining the saponification, polysaccharide-specific, and ligninspecific analyses above. Consistent with ferulates' solely acylating wall arabinoxylans, signals that corresponded to ferulate are absent in both WT and mutant lines, with the possible exception of a trace in the overexpression line (BdPMT OX), which bears further scrutiny. p-Coumarates remain, but at a lower level, because those acylating arabinoxylans are no longer in this fraction and only those acylating lignin remain. Comparisons with the WT material indicated that 11, and 0% residual levels (compared with the WT) remain in BdPMT RNAi line 4B and the Bdpmt-1 mutant. Such data are in line with the reduced levels in these materials determined by the lignin-specific DFRC method. The data from both analysis methods therefore compellingly demonstrate that the PMT activity is associated solely with p-coumaroylation of lignin and not arabinoxylan.
To more fully explore how PMT influences lignin biosynthetic fluxes and cell wall composition, we generated transgenic plants that overexpressed BdPMT in the form of an ENHANCED YELLOW FLUORESCENT PROTEIN (EYFP): BdPMT fusion protein, with expression driven by the maize UBIQUITIN promoter and intron; these lines are hereafter referred to as BdPMT OX. qRT-PCR analysis of T 2 generation plants from two independent transformation events (initially chosen as having high expression based on EYFP fluorescence and western blot analysis. Figure S5a) revealed BdPMT transcript levels to be, on average, 35-fold or more higher than in the WT (Table S2 ). In our climatecontrolled growth chambers, BdPMT OX plants grew in a similar manner to that of the WT and attained comparable culm heights and above-ground biomass weights (Figures 3a,b and S5b,c). However, for five lines with the highest BdPMT expression, including BdPMT OX lines 57A and 67B but not 23A, a small percentage of the plants were stunted. This stunted phenotype displayed high penetrance (was commonly observed) when BdPMT OX plants were grown in a greenhouse, where growth conditions were variable and perhaps more challenging to the plants ( Figure S5d ).
In growth chambers as well as in the greenhouse, BdPMT OX leaf collars commonly became blackened (never observed with WT) and leaf blades grew along the stems, whereas WT leaf blades grew at about 60°angles from the stems (Figure S5e,f) . The blackened collar Whereas BdPMT OX and WT stem cross-sections revealed no morphological differences and no collapsed vascular bundle cells (Figure 7a-d) , BdPMT OX stem section tissues stained considerably less with both phloroglucinol (Weisner test) and M€ aule reagent compared to WT (Figure 7a-d) . Phloroglucinol stains cinnamaldehyde end groups of lignin, whereas M€ aule reagent is used as a diagnostic of S lignin units (Lin and Dence, 1992) . Consistent with these observed staining differences, Klason lignin analysis revealed that senesced BdPMT OX stems contained, on average, 23% less lignin than WT stems (Table 1 ). This reduced lignin was corroborated by gelstate 2D NMR analysis (Figure 6 ), and may be due to excessive BdPMT activity drawing p-coumaroyl-CoA away from monolignol biosynthesis, thereby lowering the amounts of monolignols available for polymerization. We speculate the above-noted stunted growth phenotype observed with the highest overexpressing BdPMT OX plants might be due to lignin amounts being reduced below levels necessary for normal plant growth.
Using the above-mentioned mild alkaline hydrolysis, cell wall pCA levels were found to be more than two-fold higher in BdPMT OX plants stem biomass compared with the WT (Figure 4a and Table S2 ). As expected, the increased amounts of pCA were determined to be exclusively due to higher pCA levels on lignin (3.4-fold higher, Table S3 and Figure S3 ) and not on polysaccharides (Figure 4b,c and Table S3 ), reinforcing our conclusion that BdPMT exclusively catalyzes the acylation of monolignols. With the increased level of pCA, a small but notable amount of acylation on the guaiacyl subunits was observed ( Figure S3 ); p-coumaroylation was, however, found to favor S over G units (approximately 99:1).
FA levels were found to be as much as 40% higher in BdPMT OX stem biomass compared with WT. These higher FA levels mirrored the slightly lower FA levels detected in the Bdpmt-1 loss of function mutant (Figure 4a and Table S2 ). At least part of the relative cell wall FA content increase can be explained as being a consequence of the reduced amounts of lignin in BdPMT OX plant stems; ferulate in the cell wall is on polysaccharides (arabinoxylans), so an increase in the ratio of arabinoxylan to lignin would lead to a relative FA level increase. It seems unlikely that these altered FA levels are due directly to altered BdPMT activity, given that in vitro studies of OsPMT substrate specificity revealed that the PMT enzyme utilizes the thioester feruloyl-CoA only poorly as a substrate (Withers et al., 2012) . We cannot rule out the possibility that the expression and/or activity of a currently unknown transferase responsible for feruloylating arabinosyl units on arabinoxylans may be altered in the BdPMT mutants, or that PMT-related flux alterations in the phenylpropanoid biosynthetic pathway result in altered FA availability and/or incorporation.
To determine how the BdPMT misexpression-related cell wall alterations affect biomass digestibility, we first subjected the WT and BdPMT OX extract-free senesced stems to simple cellulolysis assays, as previously described (Berthet et al., 2011) . The susceptibility of stem cell walls to enzymatic hydrolysis was roughly evaluated by the induced weight loss. Comparing BdPMT OX to WT, we observed a 33% higher weight loss upon hydrolysis with a commercial cellulase preparation containing both cellulase and hemicellulase activities (mean weight loss from BdPMT OX samples 45.6 AE 1.9, versus 34.3 AE 1.2 for WT samples; P < 0.0001; n = 5). This result was consistent with an expectation that BdPMT OX biomass would have improved digestibility owing to a significant reduction in cell wall lignin (Chapple et al., 2007; Chen and Dixon, 2007; Fu et al., 2011) .
As a more encompassing evaluation of cell wall degradability, we subjected pulverized stem biomass to a range of pretreatments and enzyme hydrolysis using a highthroughput lignocelluloses digestibility assay (Santoro et al., 2010) . With the exception of 62 mM NaOH, these methods were designed to be mild and incomplete so as to identify possible differences in rates of biomass digestion. We found BdPMT OX senesced stem tissue to consistently have higher cell wall polysaccharides sugar release compared with the controls, in particular with base pretreatments (Figure 8 ; on average, 21 to 36% more glucose and 10% to 69% more pentose sugars released with 62 and 6.2 mM NaOH, respectively). By contrast, the amounts of sugars released from BdPMT RNAi and Bdpmt-1 tissues were not consistently different from controls and suggested that the abolishment of pCA on lignin has limited if any effects on stem biomass digestibility (Figure 8 ).
CONCLUSION
Diagnostic analytical methods provide compelling support for our contention that the PMT gene BdPMT identified in Brachypodium, a homolog of the OsPMT gene in rice, is specifically involved in the acylation of monolignols with p-coumarate. Its upregulation roughly doubles the total Figure 8 . Digestibility of stem biomass, comparing BdPMT OX and BdPMT RNAi line 4B to transgenic control plants (UBIprom:GUS), and Bdpmt-1 to wild-type.-The average amounts of glucose (top two charts; non-cell wall glucose subtracted from totals) and pentose sugars (bottom two charts) released per mg of senesced ground biomass using the various pretreatments along with enzyme hydrolysis are shown. Vertical bars represent standard deviations. Asterisks represent Student's t-test (*P < 0.03; **P < 0.005). n = five biological replicates and three technical replicates. pCA and more than triples the pCA on lignin level. Conversely, RNAi downregulation results in pCA total levels down to as low as 50%, with approximately 10% on lignin, whereas a PMT mutant likely to be a null, with approximately 24% total pCA, has zero (or at least <0.5%) on lignin. In all cases, pCA levels on arabinoxylan remain statistically unchanged. Thus, we appear to have finally identified and authenticated the first transferase, PMT, involved in acylating monolignols. BdPMT OX plant biomass was found to have about 23% less lignin compared with WT and a higher S:G lignin ratio; BdPMT loss of function mutants had a lower S:G lignin ratio. These data together suggest that PMT integrally affects phenylpropanoid biosynthetic fluxes in grasses.
EXPERIMENTAL PROCEDURES Transgenic plant generation
Two BdPMT RNAi constructs were generated by PCR amplification of Bradi2g36910 coding sequences from Brachypodium accession Bd21-3 purified genomic DNA using the primer pairs listed in Table  S4 . The PCR products were restriction digested and cloned into both the BamHI-AscI and KpnI-SpeI sites of the pStarling vector (http://www.plantindustry.csiro.au/RNAi/vectors.htm). The resulting hairpin cassettes were removed as NotI fragments and ligated into the pWBVec8 binary vector backbone (Wang et al., 1998) . The BdPMT OX construct (Zea mays Ubiqitin-1 promoter:EYFP: BdPMT) was generated by performing reverse transcription PCR (RT-PCR) on Bd21-3 stem RNA using oligo(dT) 18 , then amplifying the 1.35 kb Bradi2g36910 ORF. The PCR product was digested with BamHI-XhoI, cloned into pENTR2B, then Gateway (Invitrogen, http://www.lifetechnologies.com/us/en/home/brands/invitrogen. html) cloned into a modified pH7WGY2 (Karimi et al., 2002) binary vector that had the 35S promoter replaced with the Zea mays Ubiquitin-1 promoter plus intron 1 from pStarling (Christensen and Quail, 1996) . All constructs were sequenced to validate accuracy.
Plants harboring the BdPMT RNAi or BdPMT OX construct were regenerated from Bd21-3 embryonic callus tissue transformed using Agrobacterium tumefaciens strain AGL-1, as described by Vogel and Hill (2008) ; media were supplemented with 40 U ml À1 hygromycin B (Phytotechnology Laboratories, http://www.phytotechlab.com/).
Transgenic BdPMT RNAi plants were identified and confirmed by both seed selection on hygromycin and PCR amplification of RNAi construct portions from leaf genomic DNA using the Extract NAmp Plant PCR kit (Sigma-Aldrich, http://www.sigmaaldrich. com/united-states.html) and the following primers: pStarling_ F1 + pStarling_R1 and pStarling_F2 + pStarling_R2 flanking BdPMT RNAi DNA in the sense and antisense orientations, respectively.
BdPMT OX plants were identified by tracking EYFP fluorescence from the EYFP:BdPMT fusion protein using a Leica MZ8 fluorescence dissecting scope. The EYFP:BdPMT protein in these plants was found to be the expected size based on western blot analysis of stem tissue protein extracts detected with an anti-GFP antibody (1:2500 dilution, Allele Biotech catalogue # ABG-MP-MMGFP10; secondary antibody: 1:5000 goat anti-mouse IgG-HRP, ThermoFisher catalog # 31430, http://www.thermofisher.com/global/en/ home.asp).
Seed sterilization and plant growth
Seeds were surface sterilized and plated on selective plates (1.5% agar/one half-strength Murashige and Skoog salts (Caisson Laboratories, http://www.caissonlabs.com/)/40 U ml À1 hygromycin B), stratified for 3 days (4°C, dark), then moved to a growth chamber (22°C, 16 h light) until hygromycin selection was apparent.
Plants were grown in a 50:50 mix of SunGro Rediearth and MetroMix 510 soil in 4 inch pots in growth chambers (20 h light:4 h dark photoperiod, 22°C, 50% humidity). Control plants were either WT Bd21-3 seedlings plated on non-selective plates or planted directly in soil, or hygromycin-selected plants harboring a Zea mays Ubiquitin-1 promoter with intron driving GUSPlus (Cambia Labs, http://www.cambia.org/daisy/cambialabs/home. html) in pWBVec8. The UBIprom:GUS control was used for the Klason lignin analysis and the digestibility analyses.
Quantitative RT-PCR (qRT-PCR) and RNA-seq
Total stem RNA was extracted from the top two internodes of transgenic and control plants by grinding in liquid nitrogen, followed by RNA extraction using the Plant RNeasy Extraction Kit (Qiagen Ltd, http://www.qiagen.com/) following the manufacturer's protocol. 0.5 lg of DNase I-treated (Fermentas, http:// www.thermoscientificbio.com/fermentas/) RNA was reverse transcribed using oligo(dT) 18 in a 20 ll MMLV (Promega, http:// www.promega.com/) reaction volume.
BdPMT expression analysis was performed by qRT-PCR using a DyNAmo HS SYBR Green qPCR kit (Thermo-Fisher), cDNA samples diluted to 10 ng ll À1 and primers listed in Table S4 . Thermal cycling conditions: 95°C for 6 min; 40 cycles of 95°C for 30 sec, 60°C for 30 sec, 72°C for 30 sec; followed by a dissociation stage 95°C for 15 sec, 60°C for 30 sec, 95°C for 15 sec. PCR reactions were analyzed in triplicate by an Applied Biosystems 7300 RealTime PCR system (http://www.lifetechnologies.com/us/en/home/ brands/applied-biosystems.html). Relative expression ratios of target genes were determined by normalizing to WT samples using an efficiency calibrated model (Pfaffl, 2001 ; Equation 1 in Yuan et al., 2006) ; BdUBC18 (Bradi4g00660) or EF1a (Bradi1g06860) were used as reference genes. Primer efficiency (E), defined as 2
, was calculated from log 2 cDNA concentration versus Ct value plot slopes of serially diluted cDNA samples across treatment groups (Yuan et al., 2006) .
For RNA-Seq analysis, Poly(A) RNA and libraries were qualitychecked before 2 9 100 bp sequencing with an Illumina HiSeq2000 instrument (Illumina, Inc., http://www.illumina.com/). Gene expression data were computed using the CLC Genomics Workbench version 6.5. Reads were trimmed and filtered on quality with the Trim Sequences algorithm (Limit: 0.05, Maximum ambiguities: 2). RPKM was generated by aligning expressed sequence tags (ESTs) to Gene annotations using the RNA-Seq Analysis algorithm for annotated sequence. (Parameters: Similarity 0.8; Length fraction 0.9). Genome sequence and annotations were downloaded from the National Center for Biotechnology Information (NCBI; http://www.ncbi.nlm.nih.gov/bioproject/ PRJNA74771). Genome sequence, annotation, and expression data were stored in an Oracle relational database and displayed using a custom web application. 
Digestibility assays
Digestibility assays were performed as in Santoro et al. (2010) . Ball mill-pulverized senesced culms that had spikelets and leaves at leaf collars removed were analyzed. Free glucose amounts in the undigested biomass were determined by extracting the glucose from ground biomass with distilled water and quantifying using a glucose oxidase/peroxidase method (K-GLUC, Megazyme, http:// www.megazyme.com/) following manufacturer's instructions with some modifications as described (Santoro et al., 2010) . Free glucose values were subtracted from the glucose values obtained after the chemical and enzymatic treatments so as to have digestibility values that reflected sugars released exclusively from cell wall polysaccharides. Free glucose values did not need to be subtracted for NaOH-treated samples, as those treatments degraded any free glucose in the ground biomass before enzyme hydrolysis. No detected glucose originated from starch, as the hydrolytic enzyme mixes contained no amyloglucosidase or a-amylase activity.
The cellulolysis protocol was performed as described in Berthet et al. (2011) .
Thioacidolysis method
The thioacidolysis protocol was performed as described in Bouvier d 'Yvoire et al. (2013) . Lignin-derived thioacidolysis monomers were identified by gas chromatography-mass spectrometry as their trimethylsilylated derivatives.
Mild alkaline hydrolysis of extract-free senesced stems
The determination of ester-linked pCA and FA was via mild alkaline hydrolysis, following procedures published previously (Ralph et al., 1994; Bouvier d'Yvoire et al., 2013) .
DFRC method to quantitate pCA specifically bound to lignin
The quantification of lignin-bound pCA was performed using the DFRC method, which is capable of cleaving lignin ethers while retaining esters (Lu and Ralph, 1997 , 1998a ,b, 1999 .
Dried extract-free whole cell walls (20-40 mg) were treated with acetyl bromide in acetic acid (5 ml, 1:4 v/v) at 50°C for 3 h. The benzyl (a-carbon) brominated lignin solution was evaporated to dryness on a rotary evaporator (water bath at 50°C). The dry film was suspended in 2 ml absolute ethanol and the ethanol was evaporated. The dry sample was then immediately dissolved in a mixture of 1,4-dioxane:acetic acid:water (5 ml, 5:4:1 by volume), and a stir bar and zinc dust (150 mg) was added to the flask with immediate rapid stirring.
The reaction was stirred for 1 h at room temperature and then quenched with saturated ammonium chloride. The sample was spiked with 50 lg diethyl 5,5′-diferulate diacetate and the organics were extracted with dichloromethane (4 9 15 ml). The combined organic fraction was dried over sodium sulfate, filtered, and the solvent was removed under vacuum. The residue was treated with a mixture of acetic anhydride and pyridine (4 ml, 1:1 v:v) at room temperature overnight. Solvents were removed on a rotary evaporator. The crude product was loaded on a Supelco Supelclean LC-SI SPE tube (Sigma-Aldrich part #505048) with DCM (3 9 1 ml), eluted using a mixture of 1,4-dioxane:ethyl acetate (5 ml, 1:1 v:v), and concentrated to dryness. The dry film was dissolved in DCM (1 ml) and analyzed on a GC-MS (Shimadzu QP2010 Plus) using a 0.25 lm 9 0.25 mm 930 m DB-1701 (Agilent) column with He as a carrier gas (0.85 ml min À1 , 10:1 split ratio).
The column temperature was held at 150°C for 1 min then increased at 20°C min À1 to 300°C and held for 24 min. The injector was set at 250°C, the ion source was set at 260°C and the detector voltage was 0.99 kV. The detector was run in selective ion monitoring (SIM) mode, acquiring three masses per target compound: coniferyl dihydro-p-coumarate diacetate (the diacetate of 8G, Figure 5a ) m/z: 370, 163, 131; sinapyl dihydro-p-coumarate diacetate (the diacetate of 8S, Figure 5a ) m/z: 400, 193, 161; diethyl-5,5′-diferulate diacetate (DEDF) m/z: 484, 442, 350. Authentic standards of 8G, 8S, and DEDF were used to generate a six-point calibration curve, with the DEDF used as an internal reference.
Analysis of arabinoxylan-bound pCA and FA Mild acidolysis was carried out on 5-10 mg of extractive-free sample using 2 ml dioxane/water 0.2 M HCl that contained 0.05 mg C21 internal standard in a Teflon-lined screwed cap tube overnight at 50°C on a carousel. Then, 2 ml water was added and samples were extracted with 3 9 4 ml EtOAc. The combined organic extracts were dried over Na 2 SO 4 and then concentrated to approximately 0.5-1 ml. For GC-MS analyses, a 10 ll aliquot of the sample solution was silylated with 100 ll BSTFA + 10 ll pyridine for 1 h at 50°C before injection into a GC-MS system (Supelco, www.sigmaaldrich.com/Supelco) methylsilicone 15 m 9 0.32 mm 9 0.25 lm film thickness column, using He (1.5 ml min À1 flow rate) as the carrier gas, and with the following temperature program: from 45-180°C at 30°C min À1 , then from 180-280°C at +3°C min À1 . Quantitative determinations were made from ion chromatograms reconstructed at m/z (57 + 71 + 85) for the internal standard C21 (heneicosane), at (308 + 293) for pCA-TMS, at (338 + 323) for FA-TMS, and at 219 for pCA-Ara-TMS, the per-TMS ether of 5-O-p-coumaroyl arabinose 10, and at 249 for FA-Ara-TMS, the per-TMS ether of 5-O-feruloyl arabinose 11.
2D HSQC NMR analysis of cell wall components
The preparation of the extract-free whole cell walls and the MWELs was performed as described previously (Lu and Ralph, 2003; Wagner et al., 2007; Kim and Ralph, 2010) ). Ball-milled, extract-free whole cell wall samples (40 mg) were prepared in a 5 mm NMR tube and suspended/swelled in dimethyl sulfoxide (DMSO)-d 6 /pyridine-d 5 '100%' (4:1, 500 ll).
The MWEL was prepared from ball-milled material (50-70 mg) as described previously (Chang et al., 1975; Wagner et al., 2007) . The material was digested at room temperature with 2 mg of crude cellulases (Cellulysin; Calbiochem), in pH 5.0 acetate buffer (30 ml) on a shaker for 3 days. The samples were then centrifuged (Sorval biofuge primo; 10 016 g for 10 min), and decanted. The cellulase digestion was then repeated. After decanting the second batch of acetate buffer, the sample was rinsed with reverse osmosis water (3 9 40 ml) and the sample lyophilized. The resulting brown powder (5-10 mg) was transferred to a 5 mm NMR tube and dissolved in DMSO-d 6 /pyridined 5 '100%' (4:1, 500 ll).
HSQC NMR spectroscopy was performed as described previously (Kim and Ralph, 2010; Mansfield et al., 2012) (Lu and Ralph, 2003; Marita et al., 2003; Kim et al., 2008; Kim and Ralph, 2010; Ralph and Landucci, 2010; Mansfield et al., 2012; del Rio et al., 2012; del R ıo et al., 2012; Rencoret et al., 2013) . podium co-expression tools before their publication. This work was supported by the Department of Energy's Great Lakes Bioenergy Research Center (Department of Energy, Biological and Environmental Research, Office of Science grant no. DE-FC02-07ER64494).
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